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Abstract. Using X-ray fluorescence and Powder X-ray diffraction analysis, the chemical and phase composition of ancient
iron slags and raw iron ore were investigated. The type of raw ore was identified as self-fluxing. The operating furnace tem-
perature was determined in the range 900—1000 °C. The results obtained are of archaeological importance. They will con-
tribute to the chronological specification of the time of realization of the metallurgical process and the type of used furnaces.
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Introduction

The melting point of pure iron is about 1550 °C, a tem-
perature that was unattainable in ancient times due to
the absence of high-calorie fuel and imperfect furnace
designs. The iron was extracted in the solid-state by a
reduction process at a maximum temperature of about
1200 °C (Larreina-Garcia et al., 2018). The process in-
volved the reduction of a portion of the iron oxides to
form a solid metallic spongy iron mechanically mixed
with the slag. In reduction furnaces, iron oxides react
with CO emanating from the carbon fuel (charcoal).
The charcoal is also a reducing agent in the system
(Portillo-Blanco et al., 2020). Flux (limestone, quartz
sand, sandstone) is often added to furnaces to lower
the temperature of the iron reduction process and in-
crease the rate of iron extraction. The reduction of iron
started from about 800 °C but never reached the tem-
perature of iron melting (Portillo-Blanco et al., 2020).
This method of iron production determines the mainly
ferro-silicate composition of the slag, which is close
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to fayalite, formed by the reaction of FeO from the
ore and Si from quartz (Friede et al., 1982; Portillo-
Blanco et al., 2020). The slag phase composition was
controlled by the raw ore composition, furnace lining,
addition of flux, but also by the design of the furnace -
the way of air supply. Air was supplied through several
holes in the walls of the furnace. In other constructions
of furnaces for air supply ceramic tubes were inserted.
This reduction method of iron extraction is known as
the direct method of iron production (Portillo-Blanco
et al., 2020; Roberts et al., 2014).

The phase composition of ancient slags provides
information on temperature and air control in an an-
cient reduction furnace. These data are significant for
archaeological interpretations. Based on them, the
chronological specification of the time of realization
of the metallurgical process and the type of used fur-
nace can be done (Roberts et al., 2014).

Ancient iron slags were found in many places in
Bulgaria. The investigations on slag’s phase composi-
tion are sporadic regardless of informativeness. This
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work deals with the study of chemical and phase com-
position investigations of ancient iron slags from the
“Sladak Kladenets” and “Malko Dryanovo” archaeo-
logical sites (Bulgaria) and raw ore from the Sarnevets
hematite deposit, located close to them. The aim is to
establish some conditions of the iron production pro-
cess of archaeological importance — namely, tempera-
ture and air control in an ancient reduction furnace.
For this purpose, X-ray fluorescence and Powder
X-ray diffraction analysis were used.

Materials and methods

Two iron slags were studied — one from the “Sladak
Kladenets” site (sample No 116) and one from the
“Malko Dryanovo” site (sample No 131). The archeo-
logical sites are situated close to the Sarnevets hema-
tite ore deposit, where the ore bodies outcrop on the
earth’s surface. Traces of ancient ore mining are also
described (Kanurkov, 1988; Tsankov et al., 1995).
The hematite sample from that deposit (sample No
112) was investigated as raw ore for ancient iron pro-
duction. The slag samples were found on the earth’s
surface, but the furnaces for iron production were not
found. In chronological terms, it is assumed that the
metallurgical process here was carried out with high
probability during the Late Roman Age, Late Antiqui-
ty, and the Middle Ages. The possibility for iron pro-
duction during the second half of the first millennium
BC should not be ruled out (Uzunov et al., 2017).

X-ray fluorescence (XRF) analysis was performed
in the Center for Archaeometry with Laboratory of
restoration and conservation of Sofia University “St.
K. Ohridski” by energy dispersive Micro-XRF Spec-
trometer M1 MISTRAL, Bruker (Rh-tube, Peltier
cooling, 30 mm?, Si-drift detector (SDD), MnKa reso-
lution <150 eV, collimator 0.1 mm to 1.5 mm), ad-
ditionally calibrated with external standards. The sam-
ples were prepared as pressed pellet with H,BO, binder
(1 g sample + 0.5 g H,BO,).

The powder X-ray diffraction (PXRD) measure-
ments were made in the Institute of Mineralogy and
Crystallography “Acad. I. Kostov” at Bulgarian Acad-
emy of Sciences by Empyrean, “Panalytical”, CuKa ra-
diation (A = 0.15418 nm) (operating at 40 kV, 30 mA)
from 5 to 90° 20 with a step of 0.013 26, 30 s/step with
the pulse height distribution (PHD) refinement, start-
ing from 25, 30, 35, 40, 41 to 51% and the optimal
value selection.

Results and discussion

The results from the XRF analysis are shown in Ta-
ble 1. The measured Fe,O, in the hematite ore (sam-
ple No 112) was 56.31 wt%, and the SiO, —34.5 wt%
which suggests the presence of silicate minerals in
the ore. The measured Fe,O, in the samples 116 and
131 were 44.90 wt% and 51.46 wt%, respectively.
The quantity of TiO,, SO;, and MnO are very close
at all samples. The concentration of MgO in the ore
exceeds the MgO in slag samples. That suggests Mg
incorporation into the final metallurgical product —
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spongy iron. The K,0O, Na,O, and CaO in slags have
similar values but are lower in the ore sample 112.
K, Na, and Ca were incorporated in the slags from
furnace fuel — charcoal (Kramar et al., 2015).

The results from PXRD analysis (Fig. 1) show
the following phase composition of sample 112: he-
matite PDF#33-0664 (PDF, 2001), quartz PDF#08-
7653 (PDF, 2001) and magnetite- PDF#75-1372 (PDF,
2001), which correspond with the results from XRF
(Table 1). Both slag samples are composed of fayalite
PDF#76-5937 (PDF, 2001), wustite PDF#46-1312
(PDF, 2001), leucite (Palmer et al., 1997), and quartz.
The increased amount of K in the slag (Table 1)
is sourced from the charcoal and leads to the leucite
crystallization (Kramar et al., 2015). Only in sample
116, the maghemite PDF#39-1346 (PDF, 2001) was
registered (Fig. 1).

The fayalite formation in slags shows enough
quartz in the furnace to provide its crystallization
(Portillo-Blanco et al., 2020). The close concentration
of Si in all studied samples (Table 1) suggests no flux
was added in the furnace, as the ore was self-fluxing.

The wustite crystallization in slags evidences a low
degree of iron extraction from the ore (Manasse et al.,
2002; Portillo et al., 2018) which corresponds to the
XRF measurements (Table 1). The detected wustite
and fayalite in slags suggest a furnace temperature of
560-1200 °C, and 1000-1100 °C, respectively (Por-
tillo et al., 2018). It has been found that the presence
of quartz allows the reduction of iron to take place at
a temperature of about 1140 to 890 °C (Manasse et
al., 2002; Portillo-Blanco et al., 2020). It can be as-
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Fig. 1. PXRD patterns of studied samples



Table 1. Results from the XRF analysis (in wt%)

Sample Na,0 MgO ALO; SiO, P,O; SO, K,0 CaO TiO, MnO Fe,O,
No 112 <LOD 0.73  6.03 3450 037 <LOD 095 070 027 0.09 5631
No 116 0.52 048 954 3255 0.68 0.09 440 628 034 0.11 4490
No 131 0.42 040 7.12 2875 0.60 0.13 502 561 024 0.10 5146

LOD - limits of detection

sumed that the studied slags were formed at such low
temperatures, based on detected quartz. Quartz is sta-
ble up to about 890 °C, then transforms into tridymite.
Nevertheless, in PXRD patterns, the peaks of quartz
are found up to about 1100 °C. Small amounts of
tridymite may be present in the studied samples, but it
was not registered due to the PXRD method limits of
detection (Bitay et al., 2020).

According to the results obtained, can be assumed
that iron reduction took place at lower temperatures
of about 900 up to 1000 °C. The detected maghemite
(sample 116) is a marker of poor ventilation control
in the furnace, namely additional air supply to the fur-
nace (Manasse et al., 2002).

A decrease in Fe,O, wt% in the slag, compared to
the studied ore by 11.41 wt% (sample 116) and 4.85%
(sample Ne 131) was registered (Table 1). In ancient
times, the iron extraction from the ore was about
10-12 wt% (which corresponds to 14.3-17.16 wt%
Fe,0,), and the remaining amount of Fe from the ore
was included in slag (Portillo et al., 2018). The smaller
amount of extracted iron for sample 131 compared to
sample 116 can be explained by the variable amount
of quartz in the polymineral ore and/or additional air
supply to the furnace.

Conclusion

The self-fluxing hematite ore was used for the reali-
zation of the ancient iron metallurgical process at the
“Sladak Kladenets” and “Malko Dryanovo™ archaeo-
logical sites. The quartz from the ore decreases the
temperature of the iron reduction process to 900—
1000 °C. The poor and casual ventilation control in
the furnace leads to a wide variation of iron extrac-
tion (of about 50%).

The results obtained (phase composition of slags,
operating furnace temperature, and ventilation con-
trol) are of archaeological importance and will con-
tribute to the future chronological specification of the
time of realization of the metallurgical process as well
as of the type of used furnaces.
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